Engineered cementitious composite (ECC) is one kind of cement based material fabricated with various types of functional fillers, which is of superior tensile resistance and energy absorption. ECC made some conductive fillers such as steel fiber (SF) and carbon black (CB) also presents great potential in self-sensing. In this study, the mechanical property, conductive performance and self-sensing capacity of two types of ECC, i.e. SF-ECC fabricated with 0.58% steel fiber and 1.75% PVA, and CB-ECC casted with 1% weight ratio to cementitious materials and 1.75% PVA, have been investigated by experiments and numerical simulation. Four point bending test synchronising AC resistance measurement has been implemented to compare the stress strain relationship with resistance variation. Discrete element method (DEM) has been applied to simulate the crack density development during the flexural test. The outcomes are also compared between these two types of ECC to evaluate the sensitivity of self-sensing property, which will contribute to the ECC optimisation to balance the loading and self-sending capacity.
Introduction
Concrete is one of the most used construction materials. However, due to the degeneration of material, impact by the service environment and lack of health monitoring, many concrete structures are in the state of degeneration. The self-sensing behavior of concrete is an ideal solution to solve this issue, which refers to monitoring the stress, strain, crack and other damage by measuring the electrical properties, including electrical resistance, dielectric constant and polarization resistance without external sensor implementation [1, 2] . The engineered cementitious composite (ECC), which is one kind of cement-based material containing a small volume fraction of randomly distributed short high-performance fibers up to 2% [3] , featuring a potentially proper self-sensing property enhanced by the filled functional fibers, i.e. steel fiber and carbon black, which demonstrate relatively high and stable conductivity. It is also a special class of high-performance fiber-reinforced cement composite (HPFRCC) offering excellent mechanical properties such as high tensile strength, large pseudo-strain-hardening capacity and high energy absorption [4] [5] [6] .
For intrinsic self-sensing properties of ECC, most researchers are interested in the relationship between the fractional changes in resistivity and strain change or cracking development during the load test. There are also many parameters to assess the sensing properties such as input/output range, linearity, repeatability, hysteresis, signal to noise ratio and zero shifts [7] . For strain change monitoring, the gauge factor (GF) is defined as the fractional changes in electrical resistivity per unit strain [8, 9] to characterise the piezo-resistivity of ECC. Various load tests are conducted for ECC to study self-sensing properties [2] , among which, the uniaxial tensile test and bending test attracted more interests due to the good strain hardening and tensile strength of ECC. According to previous studies [10, 11] , the gauge factors can reflect the progress of strain change and different loading stages with quite stable values. However, these studies omitted the influence by the cracking of ECC [8, 9, 12] . In this respect, Ranade et al. studied the crack patterns and used the analytical method to predict the relationship between the singlecrack behavior (change in resistance across a unit area) and crack width. In addition, ECC casted with SF or CB shows superior sensitivity to the crack development in quantity and quality [9, 13, 14] . The effect of combination of SF and CB in ECC has also been studied [12] , where a linear relationship between the fractional changes in surface impedance of ECC beam under three point bending test and the crack opening distance (COD) of the macro-crack in the mid span has been found.
Despite the studies on damage detection in SF and CB ECC, little study has covered the difference characteristics raised by these two conductive filled-in fibers, which may lead to a basic instruction for designing excellent selfsensing ECC with great mechanical performance as well. In this study, the variation between the self-sensing ECC fabricated with SF and CB will be explored and discussed in terms of the mechanical property, conductivity performance and self-sensing capacity.
Experiments

Materials
The ECC material developed in this study referred to the design of M45 type of ECC [3] , which is a PVA fiber based cementitious material with superior ductility and tensile resistance. Steel fiber and carbon black particle are utilised as functional fillers to improve the conductivity of mortar and enhance the self-sensing capacity. The cementitious material is normal Portland cement and ASTM class F fly ash, which was added as dispersion material to make the functional fillers distributed and oriented randomly to prevent them from entanglement and close packing. The steel-PVA ECC (hereafter known as SF-ECC) was fabricated with 0.58% volume fraction of steel fiber which is coppered micro steel fibers WSF0213 and 1.75% volume fraction of PVA, which is REC 15×12 from Kuraray CO., LTD. The steel fiber is of 8 mm length and 39 μm diameter with tensile strength 2600 MPa. The PVA fiber is of 12 mm length and 200 μm diameter and is oil coated so that it can dissolve in the water and disperse randomly. The high range super plasticizer was added to make the cement of good workability. Additionally, fine sand with an average diameter of 110μm was used as fine aggregate.
In terms of the carbon black-PVA ECC (hereafter known as CB-ECC), carbon black particles Vulcan XC72R from Cabot CO. was used, which is of 30 nm size and high bulk resistivity around 10 -1 Ω•cm. The content of CB is 1.0% by weight ratio to total cementitious materials (cement and fly ash) which can result in a balance in mechanical and self-sensing performance of concrete according to the previous research by [13, 14] . The detailed constituents and their mass proportions are shown in Table 1 . 
Specimen preparation
The mix procedure requires a high achievement in even distribution of the filled in fibers to reach a relative homogeneous cement matrix of expected properties. Following the suggestion by [2] , the latter admixing method and synchronous admixing method were applied respectively for the SF-ECC and CB-ECC. For SF-ECC, the cementitious materials and silica sand were dry mixed in the Hobart mixer for 2 min firstly. Then one third of the water with super plasticizer was poured into the mixer to wet mix for 1 min. When the workability of mortar was high enough, the rest of water was poured in with the steel fibers and PVA fibers were added gradually in 2 min. Finally, the mix was set in molds and cured for 28 days after de-molded. For CB-ECC, the main difference is that the CB powders were blended with the other dry materials initially before dry mix. Since the particle size of CB would decrease the workability of mix, it would take more time for molding and vibration. After curing, the uniaxial compression test was conducted to assess the compressive strength of both types of ECC. 3 cubic specimens with dimensions of 50 mm×50 mm× 50 mm and 3 cylinder specimens of 100 mm diameter and 200 mm height were casted for each type of ECC for the test. The test was performed by a 500 kN Baldwin machine with a loading rate of 112.5 kN/min and 157.08 kN/min respectively for the cubic and cylinder specimen, in accordance with the ASTM C 39 standard [15] . The average compression strength is 45.02 MPa for SF-ECC, which is relatively higher than CB-ECC of 40.98 MPa.
Flexural test
The four point bending test was implemented synchronised with electrical measurement (Figure 1 ). The test procedure followed the instruction in ASTM C78 standard [16] and Baldwin 500kN testing machine with displacement control was used with the loading rate setting as 0.5 mm/min recommended by the standard. Beam specimens of 350 mm×100 mm ×100 mm were prepared for the test. Since the environmental temperature has approximate 3%/°C influence to the resistance measurement [17] , the tests were all conducted at a room temperature of 22 °C. 
Electrical measurement
During the four point bending test, two probe AC method was adopted for electrical resistivity measurement, which can minimise the polarisation effect of resistivity by the change of the electrical potential [18, 19] . Two copper tape electrodes (from 3M) of 0.5 cm in width were attached at the bottom surface. Silver conductive paste from RS were added between the tape and beam to improve the contact surface. A signal generator was added into the circuit in series to offer a constant frequency alternating electrical potential. The Agilent 34461A multimeter was set as an AC meter to calibrate the current trend. Since the frequency range of 1 Hz to10 kHz can result in the least impact by the capacitance of ECC [18] , the frequency of signal source was set as 5 kHz, and the amplitude was selected as ±5 V.
Numerical simulation
To simulate the cracking behavior of ECC, it requires a method that can track the crack development and is suitable for anisotropic material. For this purpose, DEM was adopted in this study, which can compute the motion and load effect of a large number of small particles. DEM was firstly introduced by Cundall [20] for the analysis of rock-mechanics problems and developed to simulate granular and discontinuous material like rock, soil and concrete. The model in DEM is formed by large number of particles, the interaction between which is treated as dynamic process with states of equilibrium developing whenever the internal forces balance. Two basic laws consisting of Newton's second law for the contact between each particle and force-displacement law for each particles are applied in DEM. By using a time-stepping algorithm in which the velocities and accelerations are assumed to be constant in each time step, the dynamic behavior for each particle can be traced, so that the partial movement, deformation or fracture will accumulate for the macro reaction of the whole object.
Particle flow code in two dimensions (PFC 2D) is a code based two dimensional DEM software package. The model formed in PFC 2D is composed by circular particles with finite mass. These particles can move independently and only interact with each other at contacts. At initial stage, the particles are connected by the bonds of finite stiffness and strength at contacts. The strength of the bonds will dominate the strength of the whole model while the cracking development can be reflected by the accumulation of failure of the bonds.
In terms of four point bending test, a rectangular model with 350mm length and 100mm in height was built which consists of 18481 particles and 0.58% clumps to simulate steel fibers for SF-ECC. The PVA fibers and CB particles were not modelled, since the dimension compared with the particle size for the initial model is much smaller. The enhancement by PVA and CB will be reflected by the improved bond strength. Four circular particles of 30 mm radius were placed at the top and bottom to present roller footing and loading points. A wall with downward velocity of 0.5 mm/min was set as loading platen to conduct the displacement controlled four point bending test. All the properties of particles and bonds were set according to the data from previous study by other researchers [21] , which shows high consistency with the experiment result.
Results and discussion
Flexural strength
3 beams for each of SF-ECC and CB-ECC have been tested. The flexural stress-strain curves at mid span for the beams are shown in Figure 2 (a) . The dash lines represent the stress-strain relationship for SF-ECC, which shows larger stiffness but poorer strain hardening behavior than CB-ECC. The modulus of rupture of SF-ECC is in the range between 9.93 MPa and 11.46 MPa with strain capacity varying from 2.00% to 2.23%. As for CB-ECC, the modulus of rupture is approximately half of SF-ECC between 5.48 MPa and 6.15 MPa, and the strain capacity is a slightly higher from 2.13% to 2.46%. Since the contents of PVA fibers are the same for these two types of ECC, the large difference in flexural resistance should be most contributable to the difference between steel fibers and CB powders. The steel fiber is of high tensile strength about 2600 MPa, which can serve as reinforced tensile fibers in aid of PVA fibers. The long fiber shape will cause a pull out mechanism. As if the micro-cracks occur initially, the steel fibers will still resist tensile stress between the failure surfaces, unless they are fully pulled out from cement matrix. However, the CB particles can only enhance the cement paste, which lead a limit improvement in flexural performance. 
Conductivity performance
Being low resistive materials, both steel and CB can be considered as pure conductors. They can improve the conductivity of cement matrix, by forming some unimpeded conductive path ways. The proportion of these two materials has been recommended to get the best general conductive capacity of ECC [13, 14, 22] , whereas the more mixed in fibers would not yield any improvement, since there is an electrical percolation threshold [23] . If the content of fiber exceeds the threshold, neither the conductivity nor the mechanical properties would be effectively increased. In this respect, the overall enhancement by steel is better than that by CB. Figure 2 (b) shows the bottom surface resistance measurements for both type of ECC before major cracks are presented. The resistance for SF-ECC is from 37.5 kΩ to 47.2 kΩ, whereas the resistance for CB-ECC is about 57.5 kΩ to 65.6 kΩ. The average resistive performance of CB-ECC is nearly 42% higher than that of SF-ECC. There are two reasons for this difference. Firstly, the conductivity of steel is relatively higher than CB. More importantly, the fiber shaped steel fiber occupied longer distance in the effective conductive path ways. If cement matrix and functional fillers are treated as a circuit in series for on conductive path way, the charges would transport more areas in cement matrix for CB-ECC than that in SF-ECC given the same distance. As an accumulated effect for all the conductive path ways, the overall conductive capacity of CB-ECC is lower than that of SF-ECC.
Self-sensing performance
The sensitivity for self-sensing capacity in this part mainly focuses on crack detection. The bottom surface resistance for each beam specimen is measured during the four point bending test. The resistance changing curve is compared with the stress strain curve and observed cracking state. The simulated cracking development then will be used to compare more details in terms of crack density variation. For a SF-ECC beam, the post-cracking crack pattern with load, crack numbers and modulus of rupture (MOR) vs step curves from numerical simulation are shown in Figure 3 . It is shown that, the first micro crack came out before the model reached its flexural strength, and the cracks gradually rendered with increase in load. When the beam reaches the failure point, the cracks density boost dramatically, at which time, the visible major crack in the middle of the beam is generated. Figures 4 (a), (b) and (c) are the stress strain curves and resistance strain curves of SF-ECC beams. Since the test is under displacement control, the time dependent stress change is almost the same as strain dependent stress change. Comparing with the simulation result, the modulus of rupture are both near 11 MPa, and the trends of stress curves are similar. The simulated crack density development and the resistance change in test also show similar variation trend. Before the sharp increase of crack numbers, which is corresponding to the failure point of the beam, there is no apparent raise for the resistance change. After that, the resistance grows dramatically with the crack density. Finally, the increasing rate tends to be mild in the post crack state. For CB-ECC, the simulation result (Figures 3(c) , (d)) also shows lower failure strength as in experiments (Figure 4 (d) , (e) and (f)). Similar to SF-ECC, the resistance change can also show good sensitivity to crack development. 
Conclusion
In this study, the mechanical property, conductive performance and self-sensing capacity of two types of ECC, i.e. SF-ECC fabricated with 0.58% steel fiber and 1.75% PVA, and CB-ECC casted with 1% weight ratio to cementitious materials and 1.75% PVA, have been investigated by experiments and numerical simulation. It is observed that, the use of steel fibers or carbon black powders can enhance the flexural strength and conductivity of ECC system. However, steel fibers can induce better performance in both mechanical and electrical performance, primarily due to the bridging phenomenon by the long bar shape of it. From the experimental and numerical results, the ECC materials shows great self-sensing behavior for crack detection. The surface resistance variation shows similar trend as the crack develops. The outcome from this preliminary study about different effects of SF and CB on the mechanical, electrical and self-sensing performance of ECC materials will provide useful information for future study about sensitivity of self-sensing property and the optimisation design of self-sensing ECC.
